Abstract. Modeling of reinforced concrete structures through the use of 3D detailed models
INTRODUCTION
Modeling of reinforced concrete (RC) structures with the use of 3D detailed models is usually performed by research teams [1] [2] [3] [4] [5] or by large consultancy companies [6] [7] that foresee the thorough investigation of the mechanical behavior of geometrically complicated RC structures. Researchers have been using this modeling type so as to verify experimental results or develop new constitutive models in an attempt to derive a numerically objective modeling method that will eventually provide the ability of performing assessment analysis for any type of RC structure geometry and design.
As it was described in [8] , when modeling 3D RC structures with the finite element (FE) method, three main approaches are available for the simulation of reinforcement: smeared, discrete, and embedded [9] [10] [11] . The smeared and discrete formulations have been found to be unsuitable for complicated reinforcement grid geometries thus undergo several restrictions when implemented. On the other hand, the embedded reinforcement formulation provides the ability of representing the grid's geometry in an exact manner without the need of modifying the actual arrangement of rebars to conform with the concrete FE mesh [12] [13] .
In order to optimize the performance of the Barzegar and Maddipudi [9] embedded mesh generation method, which is an extension of the work of Elwi and Hrudey [10] , Markou and Papadrakakis [8] proposed the introduction of a geometrical constraint in order to decrease the computational effort for generating the input data of the embedded rebar elements, particularly when dealing with relatively large-scale numerical models. Their proposed method ( Fig. 1 ) was incorporated in ReConAn FEA [5] which was developed and built to run in a 32-bit operating systems.
The purpose of this research work is to present the numerical performance of the embedded mesh generation method proposed by Markou [14] in the case of large-scale RC numerical simulations.
GENERATING REINFORCEMENT INSIDE HEXAHEDRAL ELEMENTS
The under study embedded mesh generation method considers arbitrary positioning of the rebars inside the concrete elements [8] , as shown in Fig. 2 , while avoiding a nonlinear search procedure for the calculation of the natural coordinates of the embedded reinforcement nodes in the corresponding prismatic hexahedral elements. By separating the mesh generation algorithm into to two main parts ( Fig. 1) , the geometry of each hexahedral element is categorized (prismatic or non-prismatic) and accordingly treated in order to compute the natural coordinates of its containing embedded rebar elements. For the detailed description of this method, refer to the relative reference [8] .
The embedded reinforcement mesh generation method proposed in [8] , was integrated and built in for a 64-bit operating system so as to overcome the problem that rises related to the physical memory allocation issue, which in the case of the 32-bit architecture is limited to 2 Gb. In addition to that the method was integrated with a filtering algorithm [14] that provides the ability to allocate relatively short embedded rebar finite elements, during the mesh allocation procedure. This filtering procedure provides the ability to control the mesh quality of the embedded rebar elements thus avoiding the numerical phenomenon of the local stiffness concentration due to the relatively short embedded rebar finite element length (Fig. 3) . The flowchart diagram of the integrated embedded reinforcement mesh generation algorithm can be seen in Fig. 4 . As it can be seen in Fig. 4 , the updated algorithm foresees the scanning of the rebar mesh so as to allocate short embedded elements that might result due to the irregular hexahedral mesh during the embedded rebar allocation procedure. In this case the embedded rebar mesh generation algorithm has the ability to filter the embedded rebar elements that have a very short length (see Fig. 3 ), while it controls the quality of the derived embedded mesh. 
NUMERICAL IMPLEMENTATION
In order to assess the embedded mesh generation method, the Alhosn University's Male Campus and a RC bridge are used for constructing two 3D detailed meshes. The results from the embedded mesh generation procedures are discussed and the numerical results that derived from the solutions of the two models will be shortly presented. It must be noted that all numerical tests were performed on a 64-bit windows operating system (3.3GHz CPU).
RC Building
The RC building (Alhosn University Male Campus) that was used so as to construct the 3D mesh is shown in Fig. 5 , while the geometry of its RC frame is given in Fig. 6 . As it can be seen, the building has a total width of 20.45m and a 25.6m length. The total height of the building is 13.2m (Ground floor, 1st-3rd floor), while the basement of the structure is also accounted for in the under study model (Fig. 7) . In the UAE, the most common framing system used is that of the flat slabs, which is also the framing system adopted in this research work. As it can be depicted in Fig. 6 , the shear wall of the elevator is located in the center of the structure, while a total of 16 columns are placed symmetrically about the structure's core. The geometry of the columns' sections are 40x40cm and 60x60cm. The thickness of the slab is assumed to be equal to 30cm while the reinforcement details are shown in Figs. 6 & 8. The 40x40cm columns are reinforced with 8Ø20mm longitudinal rebars and two hoops Ø8mm@10cm as stirrups, while the 60x60cm columns are reinforced with 12Ø22mm longitudinal rebars and three hoops Ø10mm@10cm as stirrups. For the case of the shear wall, 72Ø18mm longitudinal rebars are used and Ø8mm@10cm as stirrups (Fig. 8) .
Regarding the foundation type, it is assumed that the building is based on a general foundation slab which is 80cm thick. The foundation slab is reinforced with 14mm rebars every 10cm along the X and Y directions, while the foundation soil is also discretized with hexahedral elements in an attempt to make the numerical model more realistic. A retaining wall (Fig.  7) is foreseen at the perimeter of the basement which has a thickness of 20cm, which is reinforced with 12mm rebars at every 15cm as the principal reinforcement and 8mm rebars at every 15cm as the secondary reinforcement.
Construction and Management of the Hexahedral Mesh
ReConAn FEA uses Femap [15] through which the initial mesh is constructed, while the input file is exported into a text file (.neu  neutral file) that is used to generate the FE numerical model during the analysis of the numerical problem. For controlling the mesh quality the "Analysis by Parts" approach is used, which foresees the division of the mesh during the construction procedure into parts, while for each part an independent solution is performed to check for any mesh inconsistencies. Following the completion of this procedure all parts are combined and connected into the final mesh that is used to simulate the complete geometry of the structure. Fig. 9 shows the final mesh of the 75,080 8-noded hexahedral elements as it resulted from the mesh construction phase. The details related to the mesh are given in Table 1 and as it can be seen, the total number of concrete elements is 43,250, while the total number of nodes (excluding the embedded rebar macro-elements' nodes) is 119,232. The hexahedral edge size that was used to construct the concrete FE mesh of the RC frame was between 20-40 cm. The hexahedral mesh of the building was divided into 6 groups where each group was assigned with the corresponding Layers (a total of 25 layers). Fig. 10 shows the groups of Lay-ers used during the hexahedral mesh construction procedure so as to manage graphically each part of the model. After the completion of the hexahedral mesh construction, the model was analyzed for the self-weight loads so as to ensure that the resulted numerical model was ready to be processed to the next stage which was the embedded rebar macro-element mesh construction. Fig. 11 
Constructing, Managing and Verifying the Embedded Reinforcement FE Mesh
As it is shown in Fig. 12 , the embedded rebar mesh was divided into 22 Layers according to the RC frame's geometrical features. Furthermore, after the completion of the construction of the embedded rebar macro-element mesh for each structural member of the basement's frame, a convergence analysis was performed (foundation slab, basement columns/shear wall/retaining wall/slab, see Figs. 13-14) so as to assess the derived FE mesh. After the successful completion of the convergence analysis, the embedded rebar macro-elements of the basement's frame were replicated to the rest of the floors deriving the final embedded rebar macro-element mesh (see Table 2 ). Fig. 15 shows the final embedded reinforcement macroelements as they resulted from the mesh construction procedure. Table 2 . Embedded rebar macro-elements that derived from the mesh construction procedure.
Solution of the Complete Model
At this stage the complete model ( Fig. 15 ) is going to be analyzed in order to allocate and generate the final embedded rebar mesh through the use of the under study embedded rebar mesh generation method. It must be noted at this point that the geometric constraint c [8] for the embedded rebar mesh generation procedure inside the vertical and horizontal structural members was set equal to 3 and 20, respectively, as it can be seen in Table 2 . For the columns and shear walls the geometric constraint parameter c was set to 3 and for the rest of the frame equal to 20. Table 3 shows the details of the resulted FE mesh, the total required time for generating the embedded rebar elements and the numerical details related to the solution of the FE model. Table 3 . Numerical and computational results that derived after the solution of the complete FE model.
As it can be seen from Table 3 , the total required time for the embedded mesh generation procedure was 75 minutes. The total number of generated embedded rebar FEs was 532,311 while the total number of short embedded rebar FEs that were discarded due to their small length was 5,408 (short length rebar criterion l min = 5 mm). The deformed shape of the embedded rebar mesh resulted by applying only the self-weight of the structure (Figs. 16-17 ). In order to solve the numerical model for a single load increment, ReConAn required 52 minutes, while the total computational time was 324 minutes. The required embedded rebar mesh generation time represents 23.15% of the total computational time. The resulted computational ratio is relatively small given that the at hand numerical problem was solved for a single load increment, thus for the case of a nonlinear solution procedure with several load increments and internal iterations, the computational time of the actual nonlinear solution procedure would have been significantly larger. This is also verified through the next numerical implementation presented in this section. The requirements in RAM according to Table 3,  shows that the allocation of the stiffness matrix requires the largest amount of physical memory than any other matrix used during the solution procedure. As it resulted the total required RAM for allocating the stiffness matrix for the at hand model was 10.73 Gb and to solve this numerical implementation a total of 22.73 Gb of RAM were required. Fig. 16 shows the deformed shape of the embedded rebar mesh as it resulted from the analysis. The displacements are scaled so as to graphically represent the deformed shape of the frame (scale factors used in Fig. 16 : x200-x2000). The deformed shape of the embedded rebar elements illustrate the robustness of the proposed embedded mesh generation method that manages to successfully allocate and generate more than half a million embedded rebar elements that are used to simulate the complete reinforcement grid of the under study RC structure. The deformed shape of the embedded rebar elements shows that their displacements, which are controlled by the hexahedral nodes' displacements, follow the concrete element mesh (Fig. 17) deformed shape. Fig. 17 shows the deformed shape and the von Mises strain distribution for the hexahedral elements as they resulted from the analysis procedure that was executed for the complete FE model. As it was expected, the superstructure undergoes a larger deformation in relation to the basement and the foundation soil that did not develop significant deformations (Fig. 17) . Strain concentrations were mainly observed at the column-slab joints of the flat-slab framing system of the RC structure.
RC Arc-Shaped Bridge
This numerical test was chosen in order to illustrate the actual limitations of the embedded mesh generation method when dealing with large-scale implementations. The different stages until the solution of the full-scale model are described bellow.
Geometrical Features and Reinforcement Details of the RC Bridge
The geometry of the under study RC bridge is shown in Fig. 18 . As it can be seen, the bridge has an effective span of 99.1 m, of which 51.55 m is the left span's length and 47.55 m is the right span's length. The total height of the two pylons is 5.1 m and the spacing between them is 5 m. A typical section of the bridge is given in Fig. 19 , where the geometrical features can be depicted. The technical drawings show that the total width of the deck is 10.4 m and it has a height of 2.3 m. The different thicknesses of each structural component of the bridge's deck are given in Table. 4. The reinforcement details of the Pylons are shown in Fig. 20 , where it can be seen that 26 rebars of Ø32 mm are used and the stirrups have a diameter of Ø12 mm. Fig. 21 shows the reinforcement details of the pile cap. It is important to note that the model will assume fixed supports at the base of the pile cap, thus the 6 piles and the soil will not be included in the FE mesh. Fig. 25 shows the final mesh of the 102,934 hexahedral elements (8-noded). The details related to the mesh are given in Table 5 and as it can be seen, the total number of concrete elements is 102,622, while the total number of nodes (excluding the embedded rebar macroelements) is 168,400. The average hexahedral edge size used to derive the FE mesh of the RC bridge was 20 cm. The proposed logic behind the topological sorting of the Layers (Fig. 26) is based on the assumption that the hexahedral mesh of the bridge will be divided into four main groups of Layers (a. Deck Span, b. Bearing Supports, c. Support Diaphragms and d. Pylons/foundation), while in each main group of Layers the mesh of all structural members (Upper Deck, Vertical Walls, etc.), which belong to a specific opening of the bridge, will be assigned into the designated Layer. The graphical illustration of the 56 Layers used in order to manage the hexahedral elements' mesh is shown in Fig. 26 and the use of Layers is demonstrated in Fig. 27 for the case of the deck opening O1.
Constructing, Managing and Verifying the Hexahedral FE Mesh
The distribution of the hexahedral elements, according to the assumed Layers for the management of the hexahedral elements' mesh, are given in Table 5 . It is evident that the largest number of hexahedral elements is located at the deck of the RC bridge. After the completion of the mesh convergence investigation, the resulted FE mesh consisted of 102,934 from which 102,622 are concrete hexahedral elements. The "Analysis by Parts" method was also implemented in order to verify that each part of the under construction hexahedral FE mesh (Fig. 28) was consistent, thus avoiding inducing numerical instabilities during the embedded mesh generation procedure and the analysis procedure of the complete model. The hexahedral mesh construction was finalized by performing the analysis of the complete hexa8 FE mesh by applying the self-weight of the structure. The deformed shape and the von Mises Stress distribution as they derived from the analysis are shown in Fig. 29 . It must be noted here that the total number of unknowns for the case of the final hexahedral FE mesh was 502,478, the total number of the stiffness matrix elements was 657,655,263 and the re-quired physical memory for solving the numerical model without the embedded reinforcement was 7.6 Gb.
Constructing, Managing and Verifying the Embedded Reinforcement FE Mesh
Given the fact that the required computational time for the analysis of this model will be significant, any mesh irregularities will induce numerical instabilities forcing the nonlinear analysis to terminate, while the size of the mesh will make it time-consuming if any mesh modification issues arise. For this reason the same mesh managing approach illustrated in the previous section was adopted in order to control the resulted embedded rebar mesh in a stepby-step logic (Layers and Analysis by Parts).
As it is shown in Fig. 30 , the embedded rebar mesh was divided into 48 Layers according to the RC bridge's geometry. The 48 Layers were divided into 3 main groups so as to optimize the viewing procedure and the allocation of each reinforcement arrangement according to its positioning inside the structure. Furthermore, after the completion of the construction of the embedded rebar macro-element mesh for each structural member (see Table 6 ) of the bridge, a convergence analysis was performed so as to assess the derived FE model for each structural part of the bridge's model.
The embedded rebar mesh construction began by constructing and testing the Pylon/Pile Cap mesh (Fig. 31) . The geometry of the hexahedral mesh of these structural members is irregular and mainly non-prismatic due to the circular sections of the pylons, while the embedded rebar mesh construction of the embedded rebar macro-elements was performed by using long macro-elements that intersect more than 15 hexahedral elements. In some areas of the Pile Cap mesh, rebar macro-elements penetrate up to 20 hexahedral elements. After the completion of the embedded rebar macro-element mesh of the Pylons and the Pile Cap, the model was analyzed in order to assess the resulted FE mesh. During the embedded mesh generation procedure, for the case of the Pile Cap, the incremental parameter c was set equal to 15 and for the case of the Pylons, equal to 5. The total number of the embedded rebar elements that were generated was 21,721. Fig. 32 shows the deformed shape of the embedded rebar mesh as it derived from the analysis of the model. As it can be seen, the mesh generation procedure managed to allocate the embedded rebar elements without any numerical instabilities, while the irregular geometry of the hexahedral elements did not result any numerical issues during the mesh generation procedure. The deformed shape and stress contour shown in Fig. 32 resulted by applying the selfweight of the structure and a distributed load of 1 kN/node at the tip of each Pylon. Table 6 shows the distribution of the total number of the embedded rebar macro-elements used to construct the reinforcement grid of the RC bridge. As it can be depicted, the total number of embedded rebar macro-elements used was 47,839 and the total number of embedded rebars that were generated through the Analysis by Parts procedure was 520,624. It must be noted here that the parameter c was set between 5-30 (Table 6) given that the macroelements were constructed so as to penetrate between 1-30 hexahedral elements. 
Solution of the Complete Model
At this stage the complete model (Fig. 33) can be used so as to allocate and generate the final embedded rebar mesh through the use of the integrated embedded mesh generation method. Table 7 shows the details of the resulted FE mesh, the total required time for generating the embedded rebar elements and numerical details related to the solution of the FE model. Table 7 . RC Bridge. General numerical details that derived after the solution of the complete FE model.
As it can be seen from Table 7 , the total required time for the embedded mesh generation procedure was 42 minutes 22 seconds and the corresponding required RAM allocated for this task was 2 Gb. The total number of generated embedded rebar FEs was 520,624 while the total number of short embedded rebar FEs that were discarded due to their small length was 1,439. The deformed shape of the embedded rebar mesh (Fig. 34) , resulted by applying only the self-weight of the structure. The solution of the complete model required a total of 11.5 Gb of RAM from which the 5.225 Gb was required for the stiffness matrix allocation. So as to solve the model for a single load increment, ReConAn required 18 minutes, while the total computational time for reading, initializing, generating the embedded mesh, solving the system of equations (for 1 load step and 1 internal iteration) and writing the output data, was 118 minutes. The required embedded mesh generation time represents 36% of the total operation time. This ratio is relatively small given that the numerical problem foresees the solution of 1 load increment and 1 internal iteration. In addition to that, the numerical results illustrate the significance of having a computationally robust and efficient embedded mesh generation procedure.
As it can be seen in Fig. 34 , the deformed shape of the embedded rebar mesh was graphically illustrated by increasing the derived displacements 500 times. The deformed shape shows that the embedded rebar mesh follows the sinusoidal deformed shape of the bridge's deck as it resulted from the numerical solution procedure. After applying a vertical nonlinear load of 135,125MN, which was distributed uniformly along the area of the deck, the numerical problem was solved and the resulted crack pattern for 60% of the total applied load is shown in Fig. 35 . The solution procedure failed to converge when 90% of the total nonlinear load was applied. For solving the 8 load increments the solver required 24 hours and to write the output data 8 hours. This means that the required embedded rebar mesh generation procedure requires less than 3% of the total computational time illustrating the numerical efficiency of the embedded rebar mesh generation method. Figure 35 . RC Bridge. Crack pattern for 60% of the total applied load.
Double Deck Model
In an attempt to increase the previous FE mesh so as to further investigate the numerical performance of the under study mesh generation method, the numerical model that was presented in Fig. 33 is increased by replicating the bridge one time. Fig. 36 shows the new mesh, while in Table 8 the numerical details related to the mesh can be depicted. Table 8 shows the numerical details that derived after the solution of the increased mesh, where it can be seen that the total number of embedded rebar elements that were generated was 1,052,892. If the number of generated embedded rebar elements is compared with the one that resulted from the previous section, then it will result that an additional 11,644 embedded rebar elements were generated. This is attributed to the connection beam that connects the two pile caps as shown in Fig. 36 . The embedded mesh generation procedure managed to complete the embedded rebar allocation/generation procedure in 304 minutes and 5 seconds. The required computational time for the embedded rebar mesh generation procedure represents the10.48% of the total computational time. An important observation that derives by comparing the new ratio with that resulted in the previous section (36%), is that the computational performance of the under study method maintained its efficiency in relation to the solution algorithm that required an excessive time so as to solve a single load increment. This also underlines the need of using a parallel solver that will significantly reduce the computational time for solving the system of equations. Fig. 37 shows the deformed shape of the model as it resulted from the numerical analysis. As it can be seen, the embedded rebar elements have the same deformed shape thus follow the deformation of the concrete domain. 
CONCLUSIONS
The integrated embedded mesh generation method, which is an extension of the Markou and Papadrakakis method [8] , was used to generate the embedded rebar mesh of a RC building and a RC bridge. The parametric investigation performed for the required computational time in generating the embedded rebar elements, in a 64-bit operating system, verifies the computational robustness and efficiency of the method in generating embedded rebar finite elements inside regular and irregular hexahedral meshes.
For the case of the RC building, the FE mesh that was used consisted of 75,080 hexahedral elements and 130,259 embedded rebar macro-elements. After performing the analysis for this numerical implementation it derived that the embedded rebar mesh generation method managed to allocate 537,719 embedded rebar elements from which 5,804 had a length shorter than 5 mm and were excluded from the analysis procedure. The mesh generation procedure required 75 minutes.
In order to further investigate the performance of the integrated embedded rebar mesh generation method, a full-scale model of a RC bridge was constructed and analyzed. The construction of the model eventually derived a total number of 102,934 hexahedral elements and 47,839 embedded rebar macro-elements. After mesh generation procedure, the derived RC bridge numerical model consisted of 623,576 finite elements from which 102,622 are hexahedral concrete FEs that treat the cracking phenomenon with the smeared crack approach. Solving a FE model that incorporated a numerically unstable material formulation with numerical discontinuities is by default a cumbersome procedure even for benchmark problems that assume a limited number of hexahedral elements (100-1000 hexahedral elements). Dealing with a large-scale numerical simulation, controlling the resulted FE mesh from the embedded rebar mesh generation level is of significant importance given that it controls the numerical outcome of the embedded mesh generation and solution procedures. The mesh generation procedure required 42 minutes 22 seconds, which illustrates the computational efficiency of the method, while the limitations of the embedded mesh generation algorithm were not practically reached. In order to further investigate the computational performance of the under study method, the mesh of the RC Bridge was increased by 2. After the numerical analysis of the increased FE model, which consisted of 205,928 hexahedral concrete FEs and 95,082 embedded rebar macro-elements, the algorithm managed to generate 1,055,770 embedded rebar elements from which 2,878 had a length shorter than 5 mm and were excluded from the analysis procedure. The required computational time for the generation of the embedded rebar elements was 304 minutes and 5 seconds. The numerical investigation demonstrates the numerical efficiency of the under study numerical method.
Finally, it is important to state that modeling RC structures through the use of 3D detailed modeling that discretize the reinforcement grid with embedded rebar elements, has a drawback that relates to the construction of the embedded rebar macro-element mesh, especially in cases where the geometry of the structure has an irregular geometry. This procedure requires a significant effort which makes it prohibitive to be used for commercial purposes. So as to address this issue, an automatic mesh generation algorithm is required to be developed for generating the embedded rebar macro-element mesh inside the hexahedral elements in order to optimize (in terms of time) the embedded rebar macro-element mesh construction procedure.
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